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T-cell signalinga b s t r a c t
The Nck adapter protein is involved in key cellular functions, such as actin polymerization and
reorganization, serving as a molecular bridge between the surface complex essential for foreign
antigen recognition, the T-cell antigen receptor (TCR), and the actin machinery. However, the
mechanisms regulating Nck expression and functions are unknown. In this study, we revealed
Nck negative regulation and demonstrated that Nck is ubiquitylated following cellular activation.
We identiﬁed the molecular determinants and mediators involved in this process. Our data suggest
that Nck ubiquitylation might serve as a mechanism controlling Nck-mediated effector functions
during cellular activation.
Structured summary of protein interactions:
Nck physically interacts with Cbl-b by anti tag coimmunoprecipitation (1, 2, 3, 4)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Nck is a ubiquitously expressed adapter protein that is almost
entirely built of one Src-homology (SH)-2 domain and three SH3
domains. Nck has two isoforms (Nck1/Ncka and Nck2/Nckb) that
are simultaneously expressed in most tissues, and have both
distinct and redundant functions [1–3]. Lacking intrinsic catalytic
activity, Nck functions as a linker between phosphorylated
tyrosine kinases and proline-rich domain (PRD)-bearing proteins,
through its SH2 and SH3 domains, respectively [4].
Nck plays a pivotal role in cytoskeletal reorganization, cellular
movement, morphogenesis, and embryogenesis. Moreover, Nck
has been suggested to be involved in cellular adhesion directly
through association with adhesion and degranulation promoting
adapter protein (ADAP) [2,5–7], or indirectly by mediating recruit-
ment and activation of other adapter proteins, which in turn inter-
act with multiple proteins including focal adhesion complex
proteins, such as focal adhesion kinase (FAK) and paxillin, an
important adapter protein in integrin signaling [4,8,9]. Cells of
Nck double knockout (KO) mice have profound defects in mem-
brane structure formation and chemotaxis, and aberrant signaling
for actin polymerization [10].In T-cells, Nck is involved in actin cytoskeletal reorganization by
recruitment and activation of actin nucleation promoting factors
(NPFs) such as the Wiskott–Aldrich Syndrome protein (WASp)
and the WASp family-Verprolin homologous protein2 (WAVE2)
[11–13]. Previously, we showed that following initial T-cell recep-
tor (TCR) engagement, recruitment of WASp to the vicinity of the
TCR site and its activation drives T-cell spreading. This occurs
through the rapid stimulation of multiple protein tyrosine kinases,
the assembly of protein complexes consisting of Nck and other
adapters and enzymes, and their subsequent recruitment to the
engaged TCR, where they form TCR-rich microclusters that induce
actin ﬁlament polymerization [11,14]. Much of the ﬁlamentous
actin is found in narrow protrusive ﬁlopodia structures, which
are converted into broad ﬂat lamellipodia structures, thereby
enabling processes critical for maintaining a functional immune
response, including T-cell spreading, adhesion, and recognition of
foreign antigens presented by the antigen-presenting cells (APCs)
[15]. These highly dynamic actin rearrangements are regulated
by signaling molecules including, among others, the linker for
the activation of T cells (LAT), SLP-76, WASp and Nck. WASp binds
and activates the Arp2/3 actin nucleation complex, facilitating de
novo actin polymerization and its recruitment to the TCR-activa-
tion site [11,16]. Together with ADAP, Nck, which is constitutively
bound to WASp [17], serves as a bridge between the adapter mol-
ecule SLP-76 and WASp [5]. Nck recruitment to the TCR is depen-
dent on active Src family protein tyrosine kinases and on the
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brings WASp near the guanine nucleotide-exchange factor (GEF),
Vav1, an activator of the Rho GTPases Cdc42 and Rac1. We demon-
strated that Vav1 and Nck can bind each other independently of
SLP-76. This direct interaction is mediated by the binding of the
Nck C-terminal SH3 domain to Vav1 N-terminal SH3 domain
[18,19].
Late in the activation process, vesicles containing clusters of
WASp and SLP-76 leave the membrane periphery and are internal-
ized to a central structure, where they are degraded [11]. Recently,
we have demonstrated the ubiquitylation-dependent degradation
of WASp cytoskeletal protein in T-cells [20].
While the involvement of Nck in actin-cytoskeleton rearrange-
ment in T-cells and its dynamics are well documented [11,12], the
molecular mechanisms of its downregulation remain unknown.
In the present study, we demonstrate that Nck is ubiquitylated
upon TCR activation, followed by its proteasomal degradation. Nck
ubiquitylation is mediated by the E3 ligase, Cbl-b and depends on
Nck three SH3 domains, which associate with Cbl-b. Furthermore,
we show that the regulated function of Nck in the actin-dependent
processes e.g. cellular adhesion is dependent on Cbl-b.2. Materials and methods
2.1. Antibodies and reagents
Antibodies and their sources were as follows. Primary antibod-
ies for immunoprecipitation and immunoblotting: Mouse anti-
GFP, Rat anti-hemagglutinin (HA) peroxidase 3F10 (Roche); Mouse
anti-GAPDH (Biodesign); Rabbit anti-Nck (Millipore); Mouse anti-
Ubiquitin P4D1, Rabbit anti-WASp H-250, Mouse anti-WASp D1,
Mouse anti-Cbl-b, Rabbit anti-c-Cbl (Santa Cruz). Secondary anti-
bodies: Goat anti-Mouse (Sigma–Aldrich); Goat anti-Rabbit (Santa
Cruz). Antibodies for T-cell stimulation: mouse anti-CD3e (OKT3
ascites); anti-CD28, and anti-mouse IgG (Becton, Dickinson [BD]
Biosciences). Proteasome activity was blocked by addition of
MG132 (Sigma–Aldrich). For knockdown of gene expression: Pools
of independent speciﬁc RNA duplexes were used:
Non-targeting (non-speciﬁc) negative control siRNA: UAGCGAC
UAAACACAUCAA, UAAGGCUAUGAAGAGAUAC, AUGUAUUGGCC
UGUAUUAG, AUGAACGUGAAUUGCUCAA, UGGUUUACAUGUCGAC
UAA; Nck1siRNA: ACUAAAAGCACAAGGGAAA, AGAAAUGGCAUUA
AAUGAA, GAUAGUGAAUCUUCGCCAA, GAUUAUGGCUUCUGGAUGA;
Nck2 siRNA: GAACCUGAAGGACACACUA, GCAAGACGCGCAGGA
AGAC, UCACCGUCAUGGAGAAGUG, CUUAAAGCGUCAGGGAAGA,
(Dharmacon); Cbl-b siRNA: UCAUCCCACCCUGUUUCCCUGAAUU,
UCCAUCUUCAGAGAAGAAAUCAA, CAUGGGAGAGGGUUAUGCCUU
UGAA, (Invitrogen).2.2. Expression vectors and plasmids
Human Nck cDNA and point mutated Nck SH3 domain con-
structs (W38K, W143K, W229K) were kindly provided by B. Mayer
(University of Connecticut Health Center, Farmington, CT, USA).
The cDNAs were cloned into the expression vectors pEYFP-N1
and pECFP-C1 from Clontech, to obtain the CFP- or YFP-tagged con-
structs. GFP fusions used were rendered monomeric by an A206K
substitution [11]. For un-tagged protein expression, Ncka was
expressed in the pEBB vector. The c-Cbl cDNAs from the pSX
c-Cbl wt and the pSX 70z/3 c-Cbl, which has a 17–amino acid dele-
tion of residues 366–382, were cloned into the pcDNA3.1+Hygro
vector. The HA-tagged ubiquitin plasmid was previously described
[21]. The pCEFL Cbl-b cDNA was cloned into pcDNA3.1+Hygro and
pEYFP-N1 vectors. All constructs were veriﬁed by DNA sequencing.2.3. Cell culture and transfection
Human Embryonic Kidney 293T cells were cultured in DMEM,
supplemented with 10% FBS, 2 mM L-glutamine, 50 lg/ml penicil-
lin, and 50 lg/ml streptomycin. The 293T cells were transiently
transfected by DNA-calcium phosphate co-precipitation or using
Metafectene reagent, according to the manufacturer’s instructions
(Biontex).
Jurkat T-cells were cultured in RPMI 1640, supplemented with
10% FBS, 2 mM L-glutamine, 50 lg/ml penicillin, and 50 lg/ml
streptomycin. The Jurkat T-cells were transfected with an Amaxa
electroporator using Amaxa solution T and the manufacturer’s pro-
tocol H-10. Transiently transfected cells were used after 48 h.2.4. PBL isolation and stimulation
Human primary peripheral blood lymphocytes (PBLs) were iso-
lated from whole blood of healthy donors, as previously described
[11]. The cells were activated with anti-CD3e (OKT3 ascites, 1/200)
and anti-CD28 (10 lg/ml) for 30 min on ice. The cells were then
warmed to 37 C for 10 min and stimulated with anti-mouse IgG
(50 lg/ml) for 2 min.
2.5. Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting were performed as
previously described [20]. Densitometric analysis of the band
intensities was performed with ImageJ software, with ﬁnal results
normalized with GAPDH as a loading control. Relative protein
abundance was compared with the relevant control.
2.6. Adhesion assay
Adhesion assay was performed using ﬂat bottom polystyrene 96
well plates (Greiner CELLSTAR), coated with Poly-L-Lysine, 0.01%
(Sigma–Aldrich). Wells were coated with 3 lg/ml ﬁbronectin
(FN) (Biological Industries BioMedical) and incubated overnight
at 4 C. Following washing, the wells were coated with 5 lg/ml
anti-CD3 (OKT3) for 2 h at 37 C, or left uncoated. Wells were
blocked using 1% BSA prepared in PBS for 2 h at 37 C. Next, 1.5–
2  105 Jurkat T-cells stably expressing YFP-Nck, in 100 ll of imag-
ing buffer (20% FCS, 25 mM HEPES in RPMI w/o phenol red), were
applied to each well. After 30 min of pre-incubation on ice, cells
were allowed to adhere for 30 min at 37 C, and unbound cells
were carefully washed off with 100 ll of PBS. The YFP-ﬂuorescence
(excitation-488 nm; emission-500–650 nm) of bound cells was
measured using the Maestro™ in vivo ﬂuorescence imaging system
(PerkinElmer).
Area fraction covered by YFP expressing cells in each well was
quantiﬁed using ImageJ software according to the following
equation:
% adhesion ¼ area covered by YFP expressing cells
total well area
 100
The measurement of the area covered by YFP expressing cells
was limited to the threshold of the YFP signal, automatically set
by the ImageJ software. All adhesion experiments were performed
in triplicate and the standard error (SE) is shown.
2.7. Statistical analyses
Standard errors of the mean (S.E.M) were calculated with the
use of Microsoft Excel. Statistical signiﬁcance was determined by
Student’s t-test, calculated with Microsoft Excel. In all cases, the
threshold P value required for signiﬁcance was 0.05.
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3.1. Nck is modiﬁed by ubiquitylation
We previously showed that the adapters SLP-76 and WASp are
internalized during the late stages of TCR activation [11]. We also
demonstrated that WASp, which is constitutively bound to Nck,
undergoes ubiquitin-dependent degradation following cellular
activation [20]. However, the role of Nck proteins in WASp ubiqui-
tylation remained unclear.
In order to directly test the requirement for Nck in WASp
ubiquitylation, Jurkat T-cells were transfected with siRNA pools
targeting both Nck isoforms (Nck1/Nck2), followed by WASp
immunoprecipitation and anti-ubiquitin immunoblotting. A non-
speciﬁc (N.S) scrambled siRNA pool was used as a negative control.
Although Nck expression, as determined by densitometric analysis,
was dramatically reduced (Fig. 1, bottom panels), its knockdown
did not cause any reduction in WASp ubiquitylation, seen as a
smear of bands at around 81 kDa and above (Fig. 1). This ubiquity-
lation pattern was similar to that observed in activated,
non-silenced T cells [20].
Since Nck controls actin cytoskeleton-dependent cellular
processes, without affecting WASp ubiquitylation, we wished to
explore whether and how Nck is downregulated, and whether its
downregulation affects actin-dependent cellular processes. Ubiqui-
tylation can signal both endocytosis and degradation. Therefore,
we ﬁrst tested whether Nck is itself modiﬁed by ubiquitylation.
Both Nck and HA-tagged ubiquitin (HA-Ub) were expressed in
293T cells. Nck ubiquitylation was demonstrated by coimmuno-
precipitation and Western blot, and appeared as a ladder of anti-
HA reactive bands above the molecular weight of unsubstituted
Nck (47 kDa); with a prominent band around 55 kDa (Fig. 2).
3.2. Ubiquitylation of endogenous Nck is induced by TCR activation
Having demonstrated the ubiquitylation of Nck in 293T cells,
we examined whether Nck undergoes similar modiﬁcation in TFig. 1. WASp ubiquitylation is not mediated by Nck. Jurkat T-cells were transfected
with speciﬁc siRNA to human Nck isoforms Nck1 and 2 (Nck siRNA), as well as with
non-targeting siRNA control (N.S siRNA). Endogenous WASp was immunoprecip-
itated by anti-WASp, and the membranes were blotted with anti-ubiquitin and
anti-WASp. Ubiquitylated WASp appears as a smear of bands at 81 kDa and above
[20]. Whole cell lysates (WCL) were analyzed for Nck protein abundance by
immunoblotting with anti-Nck antibody or anti-GAPDH as a loading control.
Relative Nck expression is presented in the bottom panel (P 6 0.0001). Data shown
are representative of at least three independent experiments.lymphocytes expressing endogenous amounts of Nck. Further-
more, we tested whether this ubiquitylation leads to protea-
some-dependent degradation, and whether this ubiquitylation
depends on TCR stimulation.
Jurkat T-cells were incubated with the proteasome inhibitor
MG132, or left untreated. Cells were then left unstimulated (),
or stimulated (+) by anti-CD3 antibody. Nck was precipitated,
and complexes were analyzed for ubiquitylated Nck proteins by
anti-ubiquitin immunoblotting (Fig. 3A). Nck ubiquitylation was
induced upon TCR stimulation. This ubiquitylation was markedly
enhanced in MG132-treated cells.
A similar pattern of Nck ubiquitylation was detected in PBLs
(Fig. 3B). The ubiquitylation was seen as a high-molecular smear
above the molecular weight of Nck (47 kDa), in a pattern similar
to other ubiquitylated proteins in T cells, such as LAT, or WASp
[20,21].
3.3. c-Cbl and Cbl-b physically associate with Nck, and Cbl-b serves
as its E3 ligase
The c-Cbl and Cbl-b, members of E3 ligases, have been charac-
terized as central negative regulators of the immune response, by
regulating the activation thresholds of signaling pathways down-
stream of immune receptors [22–24].
We next focused on the possible molecular mediators of Nck
ubiquitylation. The ubiquitin ligase c-Cbl binds Nck in vitro
[6,25] and is involved in the downregulation of several proximal
TCR signaling proteins, including the TCR itself [21,23,26]. Thus,
we ﬁrst veriﬁed the association between c-Cbl and Nck in either
unstimulated or stimulated Jurkat T-cells, and then examined
the effect of a c-Cbl RING mutant protein lacking ligase activity
(70z) on Nck ubiquitylation. Our results show a constitutive
molecular association between endogenous Nck and c-Cbl bothFig. 2. Ubiquitylation of Nck in 293T cells. Nck was immunoprecipitated (IP aNck)
from 293T cells expressing Nck and HA ubiquitin (HA-Ub), Nck only, or HA-tagged
ubiquitin alone (HA-Ub only). The immunoprecipitates were resolved by SDS–PAGE
and immunoblotted for ubiquitin using anti-HA antibody (IB aHA), and for Nck.
Ubiquitylated Nck appears as a ladder of anti-HA reactive bands above the
molecular weight of 47 kDa, with a prominent band around 55 kDa. WCLs of the
indicated samples were also blotted for Nck (bottom panel). Negative controls were
as follows: no Ab-cells precipitated without the indicated antibody; no cell lysate-
precipitated sample without protein lysate; cell lysate only- untransfected cells.
Note that the Nck band is weakly evident in the un-transfected cell lysate, since Nck
is endogenously expressed in 293T cells. Data shown are representative of at least
ﬁve independent experiments.
Fig. 4. c-Cbl and Cbl-b physically associate with Nck. (A) Jurkat T-cells were left
unstimulated () or stimulated using anti-CD3 antibody (+). Cells were lysed,
followed by immunoprecipitation of Nck (IP aNck). The immunoprecipitates were
resolved on SDS–PAGE and immunoblotted for c-Cbl (top panel) and Nck (bottom
panel). (B) 293T cells expressing CFP-Nck and HA-Ub were transfected with c-Cbl
wt or with the 70z c-Cbl mutant. Nck was immunoprecipitated from the lysate
using anti-GFP antibody. The immunoprecipitates were analyzed for ubiquitin by
immunoblotting with anti-HA antibody. Ubiquitylated CFP-Nck appears as a smear
of bands above 74 kDa. (C) Jurkat T-cells were left unstimulated () or stimulated
using anti-CD3 antibody (+). Cells were lysed followed by immunoprecipitation of
Nck (IP aNck). The immunoprecipitates and the WCLs were resolved on SDS–PAGE
and immunoblotted for Cbl-b (top panel) and Nck (bottom panel). Data shown are
representative of at least three independent experiments.
Fig. 3. Ubiquitylation of endogenous Nck in a human T cell line and primary T cells.
(A) Jurkat T-cells were left unstimulated (), or stimulated with anti-CD3 antibody
(+). MG132 treated cells were also left unstimulated () or stimulated (+, MG132).
Cell lysates were immunoprecipitated using anti-Nck antibody and immunoblotted
for ubiquitin. (B) PBLs were left unstimulated () or stimulated with anti-CD3, anti-
CD28, and anti-IgG cross linking (+). Cell lysates were immunoprecipitated using
anti-Nck antibody, and immunoblotted for ubiquitin. Ubiquitylated Nck appears as
a smear of bands at 55 kDa and above. Data shown are representative of at least
three independent experiments.
N. Joseph et al. / FEBS Letters 588 (2014) 3808–3815 3811in unstimulated as well as stimulated Jurkat T-cells (Fig. 4A). How-
ever, no differences were detected in Nck ubiquitylation between
293T cells expressing the c-Cbl 70z mutant and cells expressing
the wt form (Fig. 4B). These data indicate that while c-Cbl physi-
cally associates with Nck, it might not directly ubiquitylate Nck.
Previously, it was shown that the c-Cbl homolog, Cbl-b E3
ligase, mediates the downregulation of TCR expression [27].
Cbl-b was also found to induce clonal anergy and to attenuate actin
polymerization [22,28]. In addition, Cbl-b, together with c-Cbl,
mediates the ubiquitylation of the Nck-associated protein, WASp
[20]. Therefore, we examined the possible involvement of Cbl-b
in the downregulation of Nck. Following TCR stimulation, Nck
was precipitated from Jurkat T-cell lysates and the precipitates
were analyzed for the presence of Cbl-b. Our results show a molec-
ular association between endogenous Nck and Cbl-b, which is
enhanced following TCR-stimulation (Fig. 4C). These results
suggest that Cbl-b may bind the Nck-SH3 domains, possibly via
its proline-rich sequences.
To examine whether Cbl-b serves as an E3 ligase of Nck in T
cells, Jurkat T-cell line stably expressing YFP-Nck wt was transfec-
ted with siRNA pools targeting Cbl-b, followed by YFP-Nck
immunoprecipitation and anti-ubiquitin immunoblotting. A non-
speciﬁc scrambled siRNA pool was used as a negative control.
Cbl-b expression was completely eliminated (Fig. 5, bottom
panels). As shown in Fig. 5, the silencing of Cbl-b dramatically
decreased YFP-Nck ubiquitylation, while causing a substantialaccumulation of YFP-Nck protein in the whole cell lysates (Fig. 5,
bottom panels). These results suggest that Cbl-b may serve as the
E3 ligase of Nck, regulating its expression via mediation of Nck
ubiquitylation.
3.4. The SH3-domains of Nck are required for its efﬁcient interaction
with Cbl-b and for Nck ubiquitylation
To more deeply probe the molecular basis of the Nck;Cbl-b
interaction and its relevance to Nck ubiquitylation, we used indi-
vidual Nck SH3 domain mutants [5] which are known to disrupt
the interaction of Nck with associated proline-rich proteins
(Fig. 6A). 293T cells were co-transfected with YFP-tagged Nck con-
structs encoding Nck-wt, or each of the SH3 mutant molecules,
Fig. 5. Nck ubiquitylation is mediated by Cbl-b E3 ligase. Jurkat T-cells stably
expressing YFP-Nck wt were transfected with speciﬁc siRNA to human Cbl-b, as
well as with N.S siRNA. YFP-Nck was immunoprecipitated by anti-GFP, and the
membranes were blotted with anti-ubiquitin and anti-GFP. Ubiquitylated YFP-Nck
appears as a smear of bands above 74 kDa. WCLs were analyzed for Cbl-b and GFP
protein levels by immunoblotting with anti-Cbl-b and anti-GFP antibodies, as well
as with anti-GAPDH as a loading control. Data shown are representative of at least
three independent experiments.
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Nck-SH3-mutants exhibited a substantial decrease in their interac-
tion with Cbl-b, and in Nck ubiquitylation. Moreover, a triple
Nck-SH3 mutant (3SH3⁄) did not interact with Cbl-b at all, and
was substantially less ubiquitylated (Fig. 6C). To conﬁrm this
observation in T cells, Jurkat T-cell lines stably expressing the
YFP-Nck constructs were prepared and analyzed (Fig. 6D). As in
293T cells, the molecular association of Cbl-b with each individual
Nck-SH3-mutant was abolished. Furthermore, Nck ubiquitylation
was correspondingly decreased. Thus, the three SH3 domains of
Nck are all required for stable interaction with Cbl-b, and conse-
quently, for Nck ubiquitylation.
3.5. Nck SH3 mutant forms accumulate within the cell and induce
enhanced TCR-dependent cellular adhesion
Nck is ubiquitylated following TCR activation. We therefore
examined how individual Nck SH3 domain mutants affect Nck
expression in comparison to wt Nck, in stimulated Jurkat T-cells.
Cell lysates were prepared from YFP-positive sorted cells of Jurkat
T-cells stably expressing YFP-Nck wt or the SH3 mutant forms
following TCR stimulation. The results conﬁrmed a substantial
accumulation of the mutant forms of Nck (Nck SH3-1⁄, Nck
SH3-2⁄, and Nck SH3-3⁄) relative to Nck wt (Fig. 7A). These data
were veriﬁed by FACS analysis, indicating that following TCR
stimulation, YFP-Nck levels were increased by more than 6-, 9-,
and 5-fold in cells expressing Nck SH3-1⁄, Nck SH3-2⁄, and Nck
SH3-3⁄, respectively, compared to cells expressing YFP-Nck wt
(Fig. 7A, bottom panel). Thus, our data link between Nck ubiquity-
lation and its degradation.
In order to assess the effect of Nck expression level on
TCR-induced effector function, sorted, unstimulated Jurkat T-cells,
expressing similar amounts of either YFP-Nck wt or each of the
three YFP-Nck SH3 mutants (Fig. 7B, upper panel), were plated
on a ﬂat-96 well plate precoated with ﬁbronectin and evaluated
for their adhesion following TCR stimulation. Cell adhesion was
determined as described in Materials and methods. Nck SH3-1⁄,
Nck SH3-2⁄, and Nck SH3-3⁄ cells showed a substantial increase
in their adhesion to ﬁbronectin following TCR activation, compared
to Nck wt (P 6 0.002, 0.0001, 0.001, respectively) (Fig. 7B).3.6. Attenuation of Nck degradation by Cbl-b siRNA induces enhanced
TCR-dependent cellular adhesion
The data described so far suggest that: (i) following TCR stimu-
lation Nck undergoes Cbl-b-dependent ubiquitylation; (ii) silenc-
ing of Cbl-b results in a substantial accumulation of Nck; and (iii)
Nck SH3 mutants, which do not bind Cbl-b, accumulate within
the cell and show enhanced adhesion to ﬁbronectin, compared
with Nck wt form. Thus, we examined whether gene silencing of
Cbl-b will have a similar effect on cellular adhesion. Jurkat T-cells
stably expressing YFP-Nck wt were transfected with either N.S siR-
NA or Cbl-b siRNA, resulting more than 95% silencing of Cbl-b
(Fig. 8, left panel). The cells were assayed for adhesion to ﬁbronec-
tin, as described in Materials and methods. Cbl-b siRNA-treated
cells showed a substantial increase in their adhesion to ﬁbronectin
following TCR activation, compared to N.S siRNA-treated cells
(P 6 0.01) (Fig. 8, right panel).
Thus, our data show that attenuation of Nck degradation upreg-
ulates TCR-dependent cellular adhesion.4. Discussion
The Nck adapter protein is a key player in a variety of cellular
processes, including motility and cellular activation [4]. Upon
TCR ligation, Nck is recruited to the TCR site, and this recruitment
was proven to be fundamental for an efﬁcient T-cell response to
the antigen as well as for T-cell proliferation [11,29]. By recruiting
NPFs such as WASp to the TCR site, Nck promotes actin reorganiza-
tion. Thus, Nck is crucial for the formation of membrane structures
e.g. ﬁlopodia and lamellipodia, thereby enabling a functional
immune response, including T-cell spreading, adhesion, and recog-
nition of foreign antigens presented by APCs [30]. Although the
dynamics of Nck following T-cell activation were demonstrated,
the negative regulatory mechanism of this protein remained
unknown.
In the current study, we demonstrate the molecular mecha-
nisms governing the degradation of Nck. We found that Nck is
modiﬁed by ubiquitylation, which is upregulated following TCR
activation. Furthermore, Nck ubiquitylation leads to its proteaso-
mal degradation. This process was also demonstrated in primary
T-cells.
In the present study, we established the association between
Cbl-b, a key negative regulator of the immune response [22,23],
and Nck. This association was enhanced upon TCR ligation. Impor-
tantly, Cbl-b was found to act as an E3 ligase of Nck. Thus, the
interaction between Nck and Cbl-b, which is enhanced following
cellular activation, might be one of the factors that determine
Nck stability. Exploring the molecular basis for this interaction,
we show that the three SH3 domains of Nck are all required for
its stable binding to Cbl-b. The Nck-Cbl-b interaction is functional,
since genetic manipulation of each of the Nck SH3 domains weak-
ened this interaction and led to a corresponding reduction in Nck
ubiquitylation. However, a Nck triple SH3 mutant that failed to
interact with Cbl-b did not completely abrogate Nck ubiquityla-
tion, indicating that an additional E3 ligase might be involved in
this process. Such E3 ligase might include the HECT domain-
containing ubiquitin ligases of the NEDD4 family, such as NEDD4
or Itch. Similar to Cbl-b, these proteins are well known for their
essential role as negative regulators of T-cell activation through
the mediation of ubiquitylation and the degradation of several
components of TCR-associated signaling complexes, such as phos-
pholipase C gamma1 (PLCc1) and protein kinase C theta (PKCh)
[22,31,32].
Since Cbl-b participates in the downregulation of TCR expres-
sion [27] in addition to the induction of clonal anergy and reduced
Fig. 6. Cooperative binding between Nck SH3 domains and Cbl-b is required for Nck ubiquitylation. (A) Schematic illustration of YFP-Nck wt and YFP-Nck SH3 mutants.
Tryptophan to lysine (W to K) point mutations introduced into each of the SH3 domains of Nck are indicated. (B) 293T cells co-expressing Cbl-b and HA-Ub with either YFP-
Nck wt or SH3 mutant forms of YFP-Nck were immunoprecipitated for YFP-Nck using anti-GFP antibody, and immunoblotted for ubiquitin using anti-HA antibody.
Precipitates and WCLs were also analyzed by GFP and Cbl-b immunoblotting. Ubiquitylated YFP-Nck appears as a smear of bands above 74 kDa. Data shown are
representative of at least three independent experiments. (C) 293T cells co-expressing Cbl-b and HA-Ub with either YFP-Nck wt or YFP-Nck with triple SH3-point mutations
(3SH3⁄) were immunoprecipitated for YFP-Nck and analyzed as described in B. (D) Jurkat T-cells stably expressing either YFP-Nck wt or each of the three YFP-Nck SH3
mutants were immunoprecipitated and analyzed by immunoblotting, as described above. Data shown are representative of two independent experiments.
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ute to T cell signaling attenuation, as well, via downregulation of
Nck. Indeed in T lymphocytes, Nck is a crucial component of signal-
ing pathways for T cell activation and effector functions [3,29]. Nck
was recently reported to cooperate with ADAP to facilitate T cell
adhesion in response to TCR activation [33]. We demonstrate that,
similar to Cbl-b silenced cells, Nck mutants that are unable to asso-
ciate with Cbl-b and are impaired in ubiquitylation accumulate
within the cell. Strikingly, Nck accumulation results in TCR-medi-
ated cellular adhesion. These results highlight the role of Nck in
integrin-mediated T cell adhesion and suggest that Nck provides
a linkage between integrin regulation and cytoskeletal rearrange-
ments, possibly through the recruitment of actin regulatory
proteins to sites of integrin activation.Previously, using an integrated approach of computational
modeling and experimental analyses, Ditlev et al. demonstrated
that actin polymerization is highly sensitive to the local density
of Nck SH3 domains. Furthermore, their results suggested that
the non-linear dependence of actin polymerization on Nck density
stems from a mechanistic stoichiometry of 4:2:1 for Nck/ N-WASp/
Arp2/3, respectively [34]. Based on our previous [11,20] and cur-
rent studies, we suggest that the downregulation mechanism of
Nck, which also depends on Nck SH3 domains, may serve as a brak-
ing force that decelerates the actin polymerization activity of this
complex and its effect on integrin-mediated adhesion.
Nck is a widely expressed protein that has essential activities
beyond its fundamental role in linking cell surface receptors to
the actin cytoskeleton. Nck is also involved in signaling pathways
Fig. 7. Nck SH3 mutants are expressed at higher levels and promote enhanced TCR-dependent adhesion. (A) Jurkat T-cells stably expressing YFP-Nck wt or the YFP-Nck SH3
mutant forms were sorted for YFP-positive cells. Anti-CD3 antibody-stimulated cells were lysed and analyzed for Nck protein levels by immunoblotting with anti-GFP
antibody or anti-GAPDH as a loading control. Relative YFP-Nck expression is presented. The expression levels of YFP-Nck wt and SH3 mutant forms in activated T cells were
also determined by FACS analysis (bottom panel). Data shown are representative of ﬁve independent experiments. (B) YFP-Nck wt and SH3 mutants were sorted. Cells
expressing similar amounts of YFP-Nck wt and SH3 mutants were examined for their adhesion following TCR stimulation. Similar expression levels of Nck wt and Nck SH3
mutant forms, stably expressed in unstimulated T-cells, were conﬁrmed by FACS analysis (top panel). To examine cell adhesion to ﬁbronectin, YFP-positive cells were plated
over a ﬂat-96 well plate precoated with 0.3 lg of ﬁbronectin, and left unstimulated or stimulated with anti-CD3. Area fraction was measured to determine the relative percent
of cells that bound to each well (indicated as % adhesion). A representative plate is shown (bottom, left panel). The data were quantiﬁed and the average area fraction of
triplicate wells ±SE is graphically shown (bottom, right panel). A t test analysis between Nck wt and the Nck SH3 mutants is presented. Data shown are representative of four
independent experiments.
Fig. 8. Silencing of Cbl-b promotes enhanced TCR- dependent adhesion. Jurkat T-cells stably expressing YFP-Nck wt were transfected with speciﬁc siRNA to human Cbl-b, as
well as with N.S siRNA. WCLs were analyzed for Cbl-b protein levels by immunoblotting with anti-Cbl-b, as well as with anti-GAPDH as a loading control (left panel). To
examine cell adhesion to ﬁbronectin, siRNA-treated cells were plated over a ﬂat-96 well plate precoated with 0.3 lg of ﬁbronectin, and left unstimulated or stimulated with
anti-CD3. Area fraction was measured to determine the relative percentage of cells that bound to each well (indicated as % adhesion). The data were quantiﬁed and the
average area fraction of triplicate wells ±SE is graphically shown (right panel). A t test analysis between Cbl-b and N.S siRNA-treated cells is presented. Data shown are
representative of at least three independent experiments.
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N. Joseph et al. / FEBS Letters 588 (2014) 3808–3815 3815correlated with DNA synthesis and gene expression, possibly due
to its nuclear localization [5,6], and is essential for the develop-
ment of the embryonic nervous system; accordingly, its deﬁciency
is embryonic lethal [35]. Thus, understanding the regulatory mech-
anism of Nck is crucial, and its degradation pathway might affect
Nck activity in multiple cell systems.
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